Abstract Rainfall over West Africa shows strong interannual variability related to changes in Sea Surface Temperature (SST). Nevertheless, this relationship seem to be non-stationary. A particular turning point is the decade of the 1970s, which witnessed a number of changes in the climatic system, including the climate shift of the late 1970s. The first aim of this study is to explore the change in the interannual variability of West African rainfall after this shift. The analysis indicates that the dipolar features of the rainfall variability over this region, related to changes in the Atlantic SST, disappear after this period. Also, the Pacific SST variability has a higher correlation with Guinean rainfall in the recent period. The results suggest that the current relationship between the Atlantic and Pacific El Niño phenomena is the principal responsible for these changes. A fundamental goal of climate research is the development of models simulating a realistic current climate. For this reason, the second aim of this work is to test the performance of Atmospheric General Circulation models in simulating rainfall variability over West Africa. The models have been run with observed SSTs for the common period 1957-1998 as part of an intercomparison exercise. The results show that the models are able to reproduce Guinean interannual variability, which is strongly related to SST variability in the Equatorial Atlantic. Nevertheless, problems in the simulation of the Sahelian interannual variability appear: not all models are able to reproduce the observed negative link between rainfall over the Sahel and El Niño-like anomalies in the Pacific, neither the positive correlation between Mediterranean SSTs and Sahelian rainfall.
Introduction
The decreasing rainfall and devastating droughts in the Sahelian region during the last three decades of the 20th century are among the largest climate changes anywhere (Trenberth et al. 2007 ). It has been suggested that, at interannual and decadal time scale, the oceanic forcing plays a relevant role in determining Sahelian rainfall variability (Folland et al. 1986; Palmer 1986; Rowell et al. 1992; Ward 1998; Camberlin et al. 2001; Giannini et al. 2003; Lu and Delworth 2005; Cook 2008; Caminade and Terray 2010; Mohino et al. 2010; Rodriguez-Fonseca et al. 2010) . This is further supported by the fact that the ocean-forced signal of Sahelian rainfall can be isolated in most, if not all, current state-of-the-art models (Paeth and Hense 2004; Giannini et al. 2003; Lu and Delworth 2005; Tippett 2006 ); these results reinforce those obtained in the early Atmosphere General Circulation Model (AGCM) experiments done with prescribed SSTs (Palmer 1986; Rowell, et al. 1995) .
Many works point to two principal summer rainfall variability patterns over West Africa: a dipole pattern, in which anomalies of opposite sign appear north and south of 10°N; and a monopolar pattern with anomalies of the same sign in the whole region (Motha et al. 1980; Janicot 1992a, b) . Although West African precipitation shows strong variability at different time scales, these two rainfall patterns can be obtained when focussing on interannual and decadal frequencies. At these time scales, West African rainfall is modulated by SST changes, variations in the Inter-Tropical Convergence Zone position and land-atmosphere interactions (Giannini et al. 2005) . Regarding the SST modulation, a low frequency mode showing contrasting interhemispheric SST anomalies has been identified in relation to Sahelian anomalous rainfall (Folland et al. 1986 (Folland et al. , 1991 Rowell et al. 1995; Joly et al. 2007 ). There are also two observed high frequency SST anomalous patterns: the Atlantic Equatorial Mode (Zebiak 1993) related to the dipolar rainfall pattern; and a Pacific El Niño-like mode associated with Sahelian rainfall (Rowell et al. 1995; Fontaine and Janicot 1996; Ward 1998; Joly et al. 2007) .
Previous works have focused on the isolated impact of the different oceanic basins over West African rainfall patterns. It has been shown that years with a stronger tropical Atlantic influence tend to have the so-called anomalous 'dipole' rainfall pattern (Ward 1998; Vizy and Cook 2001; Losada et al. 2010) . For the tropical Pacific, some authors have pointed out that years with larger ENSO impact tend to be associated with same-signed rainfall anomalies over West Africa (Ward 1998; Janicot et al. 2001; Rowell 2001; Giannini et al. 2003) . Moron et al. (2003) showed that some AGCMs also reproduce the link between a positive ENSO phase and a weak West African Monsoon, a link that is only significant after the 1970s . Out of the tropics, positive Mediterranean SST anomalies have been related to positive rainfall anomalies over the Sahel through an increase of evaporation and southward moisture advection (Rowell 2003; Jung et al. 2006; Fontaine et al. 2010) .
Nevertheless, these SST patterns seem to operate differently depending on the sequence of years analysed. For example, the Pacific influence on Sahelian rainfall is conditioned to whether pre-or post-1970s years are studied . In this way, depending on the analysed time period, different works lead to different conclusions. For instance, observational studies that consider only the period after the climate shift (e.g. Polo et al. 2008 ; for the period 1979-2001) obtained two separated rainfall patterns for the West African Monsoon season, one associated with the Guinea Gulf, and the other one with the Sahel. Conversely, other classical studies, using time series for the whole second half of the 20th century obtained a dipole of precipitation between the Guinea Gulf and the Sahel as one of the leading rainfall patterns of West African rainfall. Examples are Motha et al. (1980) , whose study covers the period [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] , or the work of Janowiak (1988) , who used data for the 1927-1973 period.
The interpretation of all these results needs further analysis of the SST-West African variability for different periods. This idea is reinforced because one of the major recent signature of climate change is the rapid global warming from 1975 onwards (Trenberth et al. 2007 ). In addition to this global increase in temperature, the 1976-1977 winter season was marked by an abrupt change in the Pacific Ocean (Miller et al. 1994) . Within the framework of this Climate Shift (Graham 1994; Cane et al. 1997) , other changes have been described in different climate phenomena, like the change in the evolution of ENSO events (Trenberth et al. 2002) , and the weakening of the ENSO-Indian Monsoon connection (Kucharski et al. 2007 (Kucharski et al. , 2008 Kumar et al. 1999) . Also, recent observational analysis have pointed out that from the early 1970s, the tropical Atlantic and Pacific Niño modes show strong anticorrelation in summer (Polo et al. 2008 ) and that the Atlantic is able to enhance the next winter Pacific ENSO mode (Rodríguez-Fonseca et al. 2009 ). In relation to this latter finding, the Guinean rainfall variability has started to be linked with Pacific ENSO, as it was in the first decades of the 20th century .
Whether or not the recent climate shift could have had an influence on the anomalous West African rainfall patterns is an interesting task that has not been addressed yet, and it is the first aim of this study.
The second aim of this work is to evaluate the reliability of five AGCMs and the multimodel approach in reproducing interannual variability of West African rainfall, with especial emphasis on the SST-West African rainfall relationships. In spite of the biases described in several of the AGCMs (Tennant 2003) , given the observed SST evolution as boundary conditions, AGCMs can simulate the basic pattern of rainfall trends in the second half of the 20th century (Hoerling et al. 2006; Rowell et al. 1995; Bader and Latif 2003; Giannini et al. 2003; Haarsma et al. 2005; Kamga et al. 2005; Lu and Delworth 2005; Caminade and Terray 2010) . But, in addition to the reliability of the models in simulating decadal trends of precipitation over West Africa, it would be also desirable that AGCMs could show skilful interannual variability. Results of this work will give some insights about this skilfulness and the problems of the models in simulating the multidecadal change of the interannual variability.
To this twofold aim, we analyse the observations and the results obtained in five different AMIP-type simulations performed with five different atmospheric models using as boundary conditions observed SSTs from the common period 1957-1998. These models, involved in the European project African Monsoon Multidisciplinary Analyses (AMMA-EU), are: ARPEGE, ECHAM4, ECHAM5, LMDZ, and UCLA models.
To study the change in variability after the climate shift of the 1970s, two different time-periods have been chosen for the analysis of rainfall variability. The whole common period is divided in two sub-periods, 1957-1978 and the dryer 1979-1998 , which is also characterized by a better observational data due to the use of satellite measurements (e.g. CMAP data set, Xie and Arkin 1997) . Especially, the better availability of observational data over the oceans in the 'satellite-period' helps to analyse the rainfall variability associated with changes in the oceanic Inter-Tropical Convergence Zone.
The paper is divided as follows: Sect. 2 presents the methodology and data, Sect. 3 shows the main results regarding West African modelled rainfall simulation (Sect. 3.1), interannual variability of rainfall (Sect. 3.2), and basin per basin SST-precipitation co-variability modes with its multidecadal changes (Sect. 3.3). Finally, Sect. 4 presents a summary of results and our conclusions.
Data and methodology

Simulations
To study the reliability of the AGCMs in reproducing the seasonal cycle and the variability of the West African Monsoon under Sea Surface Temperature (SST) forcing, five different AGCMs involved in the AMMA-EU project have been run using as boundary conditions the observed SSTs over the second half of the 20th century. The main characteristics of these five models are summarized in Table 1 . ARPEGE and ECHAM5 models were driven by HadISST1 data set (Rayner et al. 2003) . ECHAM4 model was forced by GISST data set (Rayner et al. 1996) , which is an earlier version of HadISST1 data set. The main differences between both data sets are discussed by Rayner et al. (2003) . LMDZ model was driven by AMIP II SST boundary conditions. These are based on the GISST data set and use the OI SSTs (Reynolds and Smith 1994; Reynolds et al. 2002) for the recent period. See Fiorino (2000) for more details on the construction of the AMIP II SST boundary conditions. UCLA model was driven by ERSSTv2 data set. Smith and Reynolds (2004) describe this data set in detail and discuss its differences with HadISST1 data set. The data sets present a similar interannual variability in the regions of interest for this article. The correlations of indices like the Atlantic 3 or the El Niño 3 are above 0.9 among data sets.
Some of the models were run in ensemble mode while, for other models, only one realization was available. The potential of the so-called multimodel ensemble method (Krishnamurti et al. 2000a, b) was also explored. Its variables were computed by averaging the outputs given by each model, taking into account the average field for those models with several runs before computing the overall multimodel mean. The common period for all the models was 1957-1998.
Observations
The observed data used to evaluate the simulations are: the monthly observed precipitation from the Climate Research Unit (CRU, Hulme 1992) , and the monthly CPC Merged Analysis of Precipitation (CMAP, Xie and Arkin 1997).
Methodology
Due to the diversity of rainfall regimes over West Africa, rainfall anomalies are standardized prior to the analysis, using the corresponding monthly standard deviation:
where j denotes the index for the year, i the index for the month, r ij and a ij are the raw and standardized anomalous rainfall for month i of year j, and m i and s i are the monthly mean and standard deviation for month i. On the one hand, Empirical Orthogonal Function (EOF) analysis (von Storch and Navarra 1995) was applied over the West African domain (defined here as 21.25°W-33.75°E, 6.25°S-31.25°N) to extract the modes of rainfall variability. Only rainfall standardized anomalies from June to September were taken into account. The 4 month sequence of standardized anomalies were retained for each year. The anomalies were not detrended and the analysis was applied separately to both sub-periods: 1957-1978 and the dryer 1979-1998 . In this way, a sequence of 88 (80) months entered the analysis in the first (second) sub-period. The analysis was applied by diagonalizing the covariance matrix of standardized rainfall. Studies performed by other authors differ from this work in not considering monthly summer sequences but seasonal means (Giannini et al. 2003) . Also, other authors do not apply standardization to the anomalies (Giannini et al. 2003 ) and the period of years taken into account is different (Ward 1998) .
On the other hand, to extract those time varying SST structures coupled to West African rainfall, the methodology of Extended Maximum Covariance Analysis (EMCA, Polo et al. 2008 ) was applied to the West African precipitation and the anomalous SST of each of the ocean basins. This methodology is an extension of the Maximum Covariance analysis (MCA, or SVD Bretherton et al. 1992; Frankignoul and Kestenare 2005) but considering more than one lag in the predictor array. The methodology is based in obtaining the singular value decomposition of the covariance matrix formed by:
where Y and Z are the predictor (SST) and predictand (rainfall) fields, n t the time dimension, n y the extended predictor dimension (defined as the spatial dimension times the number of lags) and n z the spatial dimension of the predictand field.
As in the EOF analysis, in this work the sequence of four summer months (June to September) of standardized rainfall anomalies was used as the predictand field. Therefore, n t is four times the number of years that enter the analysis. The value of n z is the number of rainfall grid points covering the West African domain (defined above), while the first dimension of the predictor field (n y ) is an extension of its spatial dimension (number of grid points in the selected SST domain: n s ) that takes into account all lags (8 in our case). Consequently, n y = n s *8. The predictor field consisted in 4 month sequences of detrended, nonstandarized, SST anomalies. The time lag was 1 month and lags -4 (February to May sequence) to ?3 (September to December sequence) were used in the analysis.
The EMCA methodology allows us to have the whole picture of the evolution of the anomalous SST pattern that highly co-varies with the summer (June to September) precipitation, giving a realistic persistence feature from winter (February to May) to next fall (September to December). In this way, the SST expansion coefficient could be defined as a dynamical predictor within the seasonal cycle. As in the classical MCA, each mode comprises different spatial structures and time series (expansion coefficients). For more details, interested readers are referred to Polo et al. (2008) .
To analyse the changes in the coupled and uncoupled variability modes of West African rainfall after the climate shift of the late 1970s, the whole period has been divided in two sub-periods: 1957-1978 and 1979-1998 . This cutting date allows the use of satellitebased rainfall data in the second period. This homogeneous data set (CMAP) ensures the spatial continuity of the rainfall patterns, allowing the analysis of the oceanic part of West African rainfall variability. The EOF and EMCA analysis has been applied to both sub-periods separately. This procedure excludes multidecadal variability because the maximum length of the analysed time series is 22 years. The same results are obtained if the time series are previously high-frequency filtered (not shown).
Statistical significance of the results
A two-tailed t-test is used to evaluate the 95% statistical significance of the EOF patterns. For the co-variability modes, the results are shown in terms of homogeneous and heterogeneous regression maps for the SST sequence and for the summer precipitation field, respectively. Only those areas that are 95% statistically significant (evaluated with a t-test) are mapped. The robustness of the modes is assessed using the following Monte Carlo test: the time series are shuffled and the EMCA analysis is applied 100 times to obtain a probability density function for the squared Richter et al. (2008) covariance fraction and the correlation coefficients between the expansion coefficients. The original squared covariance fraction and the correlation coefficient indices are compared to the corresponding probability density functions.
To highlight the change in the co-variability modes, the difference between the SST (precipitation) homogeneous (heterogeneous) patterns in both periods is computed. To test the level of significance of this difference, another Monte Carlo test is used. SST homogeneous and precipitation heterogeneous maps are computed as the regression of the SST and precipitation fields onto the expansion coefficient of the SSTs. To test the significance between these regression maps (1979-1998 period minus 1957-1978) for a given point, the time series at that point and the expansion coefficient are permuted independently and a new regression is calculated for both periods separately. Then, a new difference is computed and this procedure is repeated 100 times to build a probability density function of differences. The original difference is tested against the probability density function to asses its significance. Figure 1 presents the Hovmoller plot of the precipitation averaged over the 10°W-10°E longitudinal band for the five different simulations and the multimodel ensemble (first three rows) together with the observations from CRU data set for the 1957-1998 period. Parallel to this, Fig. 2 displays the horizontal map of the corresponding summer (July to September) seasonal averaged rainfall.
Results
Simulated precipitation
In accordance with other works Janicot 2000, 2003) , the pattern derived from the observations displays the succession of a first rainy sequence (the preonset) along the Guinea Coast during spring, followed by a weakened convection transition period at the end of June/beginning of July corresponding to the summer monsoon onset (Fig. 1) . During this transition the Inter-Tropical Convergence Zone moves abruptly from the latitude 5°N up to 10°N (Sultan and Janicot 2003) . The precipitation simulated by the multimodel ensemble shows a first maximum of precipitation in May and a northward migration of rainfall from 4°N in May-June to 10°N in August (Fig. 1) .
All models reproduce a maximum of rainfall centred over the Guinean region (3°-6°N) in spring (the preonset) and simulate a northward progression of rainfall from spring to summer (the monsoon onset) (Fig. 1) . However, differences among models and with the observations exist. Rainfall is overestimated over Guinea in spring by the ARPEGE, ECHAM5 and UCLA models (Fig. 1) . For the same models the latitude of maximum rainfall shifts from 3°N in May to 9°-12°N in June, a month earlier than in the observations (Fig. 1) . The LMDZ shows a small latitudinal rainfall shift from 6°N in June to 9°N in July, which is associated to a lower meridional extension of the rainfall belt compared with the observations (Fig. 1) .
ECHAM5 and UCLA models overestimate summer rainfall over West Africa, while ECHAM4 model underestimates it (Fig. 2) , which is consistent with a less pronounced Sahara heat low and slower low-level southwesterly winds for this model than in ERA40 or NCEP reanalysis ). ECHAM5 and LMDZ models present a too narrow belt of summer rainfall while the belt is too wide for ARPEGE and UCLA ones (Fig. 2) . Note that there are a lot of differences between ECHAM4 and ECHAM5 in West African climate, which may be due to the different version of the model but also to the very high resolution (T106) in ECHAM5.
Rainfall variability patterns
The observational EOF analysis done for the period reveals that the leading principal component (PC) projects onto a precipitation pattern that has its maximum loadings over Sahel (11% of explained variance; Fig. 3a) . The regression map of the second PC shows its main loadings over Guinea (7% of explained variance; Fig. 3h ), which has also been shown by other authors (Polo et al. 2008) . The second EOF exhibits interannual signals in the PC time series (Online Resource 1) and, when the observed SSTs are regressed onto the corresponding PC, it shows positive loadings over the Equatorial Atlantic (not shown). Nevertheless, when performing the analysis with nonstandardized data, the modes appear in a reversed order, this is, maximum loadings over Guinean and Sahelian regions for the first and second mode respectively (not shown), in agreement with other works (Giannini et al. 2003) . From our results, during the 1957-1978, most of the interannual rainfall variability was concentrated over Sahel, while the second EOF is related to Guinean rainfall (Fig. 3a, h ). Although several authors have pointed out that a significant part of the interannual variability of West African anomalous rainfall is due to the opposite evolution between central Sahelian and Guinean rainfall indices (Janicot 1992a; Fontaine et al. 1995; Janicot et al. 1996) , our results separate the Guinean and Sahelian rainfall into two different modes, even when performing the VARI-MAX rotation (Kaiser 1958) (not shown). Giannini et al. (2003) showed a separation of Guinean and Sahelian rainfall too, using an extended period to compute the nonrotated EOFs of the seasonal means. Also, Polo et al. (2008) found two separated patterns describing the Guinean and Sahelian rainfall variability.
Regarding the simulated response, the second mode of most models shows its main loadings over Guinea, similarly to the observations (Fig. 3) . The associated PCs show 99% significant correlation (according to a two-tailed t-test) with the observed one for most models (Table 2) . When the observed SST are regressed onto the corresponding PC, they show positive loadings in the Equatorial Atlantic (not shown). The UCLA model is an exception. It is its first mode which shows higher loadings over Guinea and an associated PC significantly correlated with the observed second one (Table 2) .
Regarding the first mode, most models show high loading over the Sahel, like the observations (Fig. 3) . However, the correlation of the associated PC and the observed one is only 95% significant (according to a twotailed t-test) for the LMDZ model. The UCLA model is again an exception. The PC associated to its second EOF is significantly correlated with the first observed one. This result is also obtained for the second period (not shown).
In summary, for both periods models tend to show a leading mode with loadings over the Sahel, and a second EOF mainly related to the variability of Guinean rainfall. For most models, the PC associated with the mode related to Guinean rainfall is significantly correlated to the one obtained from observations, suggesting that Guinean rainfall is mainly driven by SSTs, especially in the Equatorial Atlantic. Conversely, the observed first mode, related to Sahel rainfall, is less well captured by the models, hinting to a higher degree of internal atmospheric variability. In addition, interannual variability of Sahelian precipitation has been shown to be partially driven by SST variability in remote oceans (Rowell 2001; Janicot et al. 2001 ; Mohino   Fig. 1 Latitude-time precipitation (mm/day) diagrams for the five simulations, the multimodel ensemble of simulations, and CRU data set in the whole 1957-1998 period. The precipitation has been averaged over the longitudinal area 10°W to 10°E et al. 2011). Thus, the reduced skill of models in simulating Sahelian variability compared to Guinean one also suggests that models show more reliability in their response to nearby SST anomalies and more difficulties modelling remote teleconnections.
SST-rainfall coupled modes
Once the rainfall variability patterns have been discriminated, we investigate basin per basin the characteristics of the leading EMCA coupled interannual mode computed between SST and June to September West African rainfall anomalies for the observations and simulations considering both periods.
In this paper we focus on the results that are statistically robust, primarily those for the Atlantic and Pacific basins in both periods and the Mediterranean basin in the second period. The robustness of the modes is determined by analysing the probability distribution function of the squared covariance and the correlation coefficient between the expansion coefficients when repeating the analysis under Monte Carlo conditions. Fig. 2 July to September averaged precipitation (mm/day) from the five models, the multimodel ensemble, and CRU data set for the whole 1957-1998 period The interannual Indian Ocean-West African precipitation co-variability modes are not robust and are not shown here. i ARPEGE, j LMDZ, k ECHAM4, l UCLA and m ECHAM5 models and n multimodel ensemble. Units are mm/day per standard deviation of the associated PC. The explained variance is given in the title. Only 95% significant results (according to a t-test) are shown robustness of the results are shown with the probability density functions of the squared covariance fraction and correlation scores between the expansion coefficients (sixth column). For comparison, the results of the multimodel ensemble are also shown (Fig. 4c, d ).
Atlantic SST-West African precipitation
For the 1957-1978 period, the first co-variability mode relates the warm phase of the Equatorial Atlantic mode with a dipole structure in West African rainfall, with higher precipitation in the Guinea Gulf coast and less precipitation in the Sahel (Fig. 4a) . The mode explains 41% of the squared co-variance fraction. Nevertheless, for the 1979-1998 period there is no rainfall dipole and warm anomalies over the Equatorial Atlantic are related only to an increase of precipitation over Guinea and south Sahel (Fig. 4b) . This result is also obtained with CMAP data set (not shown). The observed connection goes along the seasonal cycle and can be observed with at least 2 months in advance (Polo et al. 2008 ). The corresponding squared covariance fraction explained is 42% (31% for CMAP data set).
Although similar for both periods, the evolution of the SSTs presents some differences. The positive SST anomalies over the Equatorial Atlantic are more zonally elongated in the first period (Fig. 4a ) than in the second one (Fig. 4b ). In accordance with Robertson et al. (2003) and Polo et al. (2008) , from the 1970s the SST anomalies are originated at the Angola-Benguela upwelling region in late winter and propagate in an anticlockwise way from that region up to the Equator. The warming in the Angola upwelling region is more intense in the second period and a b c d Fig. 4 First co-variability mode (calculated using EMCA methodology) between observed July to September (JJAS) standardized precipitation over West Africa and Atlantic SSTs. Homogeneous SST maps (left) are shown for the February to May (FMAM) (first column), April to July (AMJJ) (second column) and July to September (JJAS) (third column) seasons. Heterogeneous JJAS precipitation maps are shown in the fourth column. Units are mm/day per standard deviation of SST expansion coefficient, and K per standard deviation of SST expansion coefficient, respectively. Only 95% significant anomalies are shown (according to a t-test). The SST (rainfall) expansion coefficients are shown in black (red) in the fifth column. Probability density functions calculated by Monte Carlo technique are shown in the sixth column for the squared co-variance fraction (scf) (red solid bars) and correlation coefficient (ruv) (dark grey open bars). The original squared covariance fraction and correlation coefficients are indicated as red and dark grey lines, respectively. The co-variability modes are shown for: a CRU data set in the 1957-1978 period, b CRU data set in the 1979-1998 period, c ensemble multimodel in the 1957-1978 period and d ensemble multimodel in the 1979-1998 period the maximum anomalies during the peak phase extend more over the central equatorial basin in the first one (Fig. 4a, b) .
The most striking differences between both periods in the SST and precipitation patterns can be seen in Fig. 5 . The regressions of the global anomalous SST onto the SST expansion coefficient show that, while the Equatorial Atlantic mode is independent of the rest of the basins in the 1957-1978 period (Fig. 5b) , in the 1979-1998 period it appears along with opposite anomalies in the tropical eastern Pacific (Fig. 5a) addition, these results are also consistent with the statistical relationship that Guinean rainfall and ENSO have shown after the 1970s . The next step is to locate the regions where the covariability mode showed significant differences in rainfall and to confirm if the change in the relationship between West African rainfall and the Equatorial Atlantic mode is related to changes in the Atlantic SST pattern or in the global projection. Figure 5c and d show the difference between the 1979-1998 and the 1957-1978 SST and rainfall patterns, respectively. The change in the precipitation pattern is mainly located over the Sahel and Central Africa, between Congo and Chad, a result that could give more insights to the understanding of the changes in Sahelian rainfall from this decade. Nevertheless, the difference in the SST pattern indicates that this rainfall change is not related to significant SST changes over the equatorial Atlantic, but rather to anomalies in the eastern Pacific and western equatorial Indian basins. Following several observation and modelling studies, which have shown an anticorrelation between the SSTs in the Pacific and Indian basins and precipitation in the Sahel (Rowell 2001; Bader and Latif 2003; Mohino et al. 2011) , these anomalies over the Pacific basin could partially explain the differences in precipitation over the Sahel.
Regarding the simulations, Fig. 6 shows the anomalous rainfall EMCA pattern in the 1957-1978 period for all models (left column) and the differences between the two periods (right column). The absence of significant differences in the Guinean region indicates that all models show a robust Atlantic-West African rainfall co-variability mode linking warm anomalies in the Equatorial Atlantic with positive anomalies of precipitation in the Guinea Gulf for both periods (Figs. 4c, d and 6 ). The squared covariance fraction varies from 38 to 57%, showing the high relationship between the Equatorial Mode and West African rainfall variability. SST patterns similar to the observed ones, and alike evolution along spring and summer are found for the two periods (not shown). The correlations between SST expansion coefficients for model and observations is above 0.9 (not shown). Note that the models tend to show a dipole structure with negative loadings in the Sahel in the 1957-1978 period, as the observations (Fig. 4a) , though it is only statistically significant for the LMDZ, UCLA and ECHAM4 models (Fig. 6 ). Vizy and Cook (2002) also point out that AGCMs have problems reproducing the dipole structure (e.g. Ward 1998), although their regional model (with higher resolution) is able to do it. Losada et al. (2010) have demonstrated that the response to an isolated Equatorial Mode is a dipolar structure due to the southward (northward) shift of the Inter-Tropical Convergence Zone for a warm (cold) Equatorial Atlantic mode.
Although in the observations there is a remarkable difference in the relationship between Sahelian rainfall and the Atlantic Equatorial mode before and after the 1970s (Fig. 5d) , overall, models tend to fail when looking at these changes in the rainfall component of the EMCA modes (Fig. 6f-j) . However, over the ocean all models consistently show an increase of rainfall after the 1970s between 7°N and 15°N in relation to a warm Atlantic Equatorial mode (Figs. 6f-j) .
As suggested above, the observed absence of a dipolar rainfall pattern associated with the Equatorial SST mode during the period 1979-1998 could be due to the highest impact of concomitant ENSO events on West African rainfall . The fact that the models simulate a more dipolar rainfall structure than the observation in this period could be due to a lack of reliability in simulating the indirect link with ENSO. Figure 7a and b summarize the results for the first mode of co-variability between observed West African precipitation and Pacific SSTs for the two periods. The results for the multimodel ensemble are also shown (Fig. 7c, d ). In the 1979-1998 period, the observed mode indicates a warming (cooling) in the tropical Pacific related to a decrease (increase) in precipitation over West Africa. This result is also obtained with CMAP data set (not shown). The mode explains 62% (46% when using CMAP data set) of the squared covariance fraction.
Pacific SST-West African precipitation
For the 1957-1978 period, the observed precipitation mode, which explains less squared covariance fraction (42%), is just determined by a few significant grid points (Fig. 7a) and not a solid pattern as in the second period. These areas are located mainly in the Southern and Eastern Sahel and show 95% significant negative correlations with the tropical Pacific SST. This is in accordance with the enhanced influence of the tropical Pacific over the West African precipitation variability since the 1970s .
The difference between the co-variability modes in both periods is highlighted in Fig. 8 . The main change in the precipitation pattern is located in the eastern part of the Guinea Gulf, and in Central Africa (Fig. 8d) . Note that the differences are calculated using CRU data set, which does not have information over the ocean, so it is logical to think in a continuity of this pattern over the equatorial Atlantic. The significant difference between the SST patterns for the two periods does not take place over the Pacific, but over the Equatorial Atlantic (Fig. 8c) . This result suggests that the change in the precipitation pattern is related to the presence of concomitant anomalies in the Eastern Equatorial Atlantic region in the second period, that were absent in the first one (Fig. 8a, b) . This is in agreement with the non-stationary behaviour of the Atlantic and Pacific El Niños relationship, recently reported by Rodriguez-Fonseca et al. (2009) . These additional SST anomalies have been shown (see previous section) to have maximum impact over the Guinea Gulf through the modification of convection . Bader and Latif (2010) model's response to Atlantic SST anomalies shows a significant rainfall reduction along the Guinea Coast. The response of west African rainfall is mainly restricted along the Guinea Coast and there is no clear response in rainfall over the west Sahel. Regarding the simulations, the multimodel ensemble shows a robust first co-variability mode only in the second period (Fig. 7c, d ). The SST pattern and its evolution are coherent with the observed one, with correlations between model and observation expansion coefficients above 0.9, but the precipitation pattern is reversed over the Sahel. Among models, the fraction of explained squared covariance varies from 26 to 60%. In the first period, models tends to show a negative anomaly over the Sahel in relation with warm anomalies over the tropical Pacific (Fig. 9a-e) , in accordance with other observational and experimental studies (e.g. Folland et al. 1986; Palmer 1986; Rowell et al. 1995; Janicot et al. 1998 Janicot et al. , 2001 Rowell 2001; Giannini et al. 2003; Moron et al. 2003 Moron et al. , 2004 Mohino et al. 2011 ). In addition, the UCLA, ECHAM4, ARPEGE and ECHAM5 models show a positive anomaly over the eastern Guinea Gulf.
Regarding the change in the co-variability modes, Fig. 9f-j show the difference between the 1979-1998 minus 1957-1978 precipitation patterns for the models. Most models show a wetter Sahel and a dryer Guinea Gulf in the last period. As in the observations, the change in the modelled SST patterns does not project onto the Pacific basin but rather onto the Atlantic equatorial region (not shown). This colder anomaly in the Atlantic would strengthen the thermal gradient between the sea and the continent, driving the monsoon further north and, thus, explaining the dipole structure in Fig. 9f -j. Again, this result agrees with Losada et al. (2010) who pointed to the presence of a dipolar rainfall anomalous pattern over West Africa as the response to an isolated Equatorial Mode. It also agrees with the study by Joly and Voldoire (2010) , who pointed out that during the years in which the Guinea Gulf rainfall is not related to ENSO, Sahelian and Guinean rainfall appeared anticorrelated with a dipolar structure that reflects a shift in the position of the Inter-Tropical Convergence Zone, whilst for the years in which the Guinea Gulf is related to ENSO, the correlation between Sahel and Guinea decreased and there is a modulation of the rainfall along the seasonal cycle. As was shown in previous sections, models are more sensitive to SST anomalies in the Atlantic Ocean than in the Pacific, due to the more direct impact that the former have in the Atmospheric circulation over West Africa. Thus, one would expect the failure in the representation of the non-dipolar precipitation response observed in West Africa during the second period, and the presence of dipolar response more coherent with a response to the Atlantic anomalous SSTs.
Mediterranean SST-West African precipitation
The period after the 1970s has also striking significant differences regarding the West Africa-Mediterranean teleconnections. On the one hand, Polo et al. (2008) have shown how the Mediterranean mode appears, after the 1970s, as an SST pattern that is not related to the variability in the tropical SSTs, so it can be considered isolated from the tropical influence. On the other hand, the response to this Mediterranean mode is analysed in Fontaine et al. (2010) , who find that the warmer eastern Mediterranean increases the specific humidity in the low-levels and the northeasterly moisture flux, strengthening the convergence in low levels and thus, the monsoon. Figure 10 summarizes the results for the first mode of co-variability between observed and simulated West African precipitation and Mediterranean SSTs for the 79-98 period. It shows the mode for CMAP and CRU observational data sets, as well as for the LMDZ and UCLA models. The rest of the models, including the multimodel ensemble, show no robust modes. The squared covariance fraction explained by this first mode are 33, 31, 32 and 30%, respectively. No result is shown in relation to the 1957-1978 period because first of all, the obtained mode is not robust, and second, the mode appears as a fingerprint of a more global pattern (not shown).
Regarding the observations, CRU and CMAP data sets show an increase in precipitation over the Sahel related to a warmer Mediterranean Sea, in agreement with other studies (Rowell 2003; Jung et al. 2006; Fontaine et al. 2010; Polo et al. 2008) (Fig. 10) . There is also a decrease in rainfall over the oceanic eastern Guinea Gulf (only in CMAP). The LMDZ and UCLA models capture this weakening and they also show an increased rainfall over Sahel (Fig. 10) .
The 1979-1998 SST pattern shows no loadings over the tropical oceans, except for a weak cooling in the central equatorial Pacific, and over the eastern equatorial Atlantic (not shown). This latter pattern could be related to the decrease in precipitation shown by CMAP and the models over the Guinea Coast.
Summary and conclusions
A fundamental goal of climate research is the development of models simulating a realistic present climate, in order to increase its reliability in future projections. In this way, the Sahelian rainfall interannual and decadal variability is a good subject to evaluate climate models. The ocean forcing has been highlighted to be the main driver of the long drought period that started over Sahel in the 1970s (Giannini et al. 2003; Lu and Delworth 2005; Cook 2008; Caminade and Terray 2010; Mohino et al. 2010) . For this reason, state-of-the-art climate models are requested to reproduce the main features of the observed Sahelian rainfall time series when forced by observed SSTs.
The focus of the study is twofold: to explore the change in the interannual variability of West African rainfall after the climate shift of the 1970s and to evaluate the reliability of different simulations (done with different models) and the multimodel approach in reproducing this variability. We have focused here on the relationship between West African rainfall and the oceanic forcing represented by the SST applying a multivariate analysis to the observed data and to different model outputs.
Regarding the first goal, the most remarkable result of this study is the description of the change in the properties of the interannual variability of West African precipitation in relation to the oceanic forcing. The dipolar features in the rainfall pattern of the observed Atlantic SST-West African precipitation co-variability shown for the 1957-1978 period disappear when considering the 1979-1998 one. Our results suggest that this behaviour is related to the concomitant presence of opposite signed SST anomalies in the tropical Pacific described in Rodriguez-Fonseca et al. (2009) . In turn, in the second period, the Pacific mode shows higher correlations over the whole West Africa, and not only over the Sahel. It was shown that this change could be related to the concomitant presence of opposite signed SST anomalies in the eastern equatorial Atlantic.
In relation to the models, the multimodel ensemble mean sums up well the common capacity of the different models: it reasonably reproduces the mean climatology of West African summer rainfall and the annual cycle of the monsoon, though its onset occurs 1 month earlier (end of May) than in the observations (end of June). Rainfall associated with the preonset is overestimated in half of the simulations. The models examined show a lot of coherent responses but also differences in their simulation of interannual variability of West African rainfall. One simulation is available for the ARPEGE and ECHAM4 model while for the others (LMDZ, UCLA and ECHAM5) we have been able to analyse the averaged responses based on 4-6 simulations, reducing the internal atmospheric variability and enhancing the SST-forced signal. The interannual variability of Guinea Coast precipitation, related to the second observed EOF, is captured by most models, while Sahelian rainfall variability, related to the first observed EOF, is poorly provided. This is consistent with the results of Paeth and Hense (2004) and Philippon et al. (2010) who concluded that the Guinean domain, close to the Atlantic ocean, is more strongly controlled by SSTs than the Sahelian one.
Regarding the analysis of maximum covariance between the anomalous SST and West African precipitation variability, a strong positive link appears between the summer anomalous rainfall over the Guinean region and the Equatorial Atlantic SST mode evolution from spring to summer for the observations, multimodel ensemble and all the models. Concerning the Pacific, the coupled anomalous West African rainfall-Pacific SST mode always depict an El Niño-like pattern in the Pacific. However, the simulated related rainfall pattern does not always agree with the observed one. Finally, not all the models are able to show a robust Mediterranean SST-West African precipitation mode; only the LMDZ and UCLA models capture the observed connection between warmer Mediterranean SST and increased rainfall over the Sahel after the 1970s.
In spite of an agreement over the oceanic part of West Africa, changes in the Atlantic interannual SST-precipitation co-variability mode show important differences among models over land. This could be due to the poorer performance of models when simulating non linear aspects of the teleconnections with the Pacific, including atmosphereland surface feedbacks. Conversely, for the Pacific, the changes in the mode are more consistent among models, because they are related to the Atlantic SST anomalies, which have a more direct influence on West Africa. Fig. 10 First co-variability mode (calculated using EMCA methodology) between observed and simulated July to September (JJAS) standardized precipitation over West Africa and Mediterranean SSTs in the 1979-1998 period for: a CMAP, b CRU, c LMDZ and d ULCA. The homogeneous SST maps (left) are shown for the April to July (AMJJ) (first column), May to August (MJJA) (second column) and July to September (JJAS) (third column) seasons. Heterogeneous JJAS precipitation maps are shown in the fourth column. Units are mm/day per standard deviation of SST expansion coefficient, and K per standard deviation of SST expansion coefficient, respectively. Only 95% significant anomalies are shown (according to a t-test). The SST (rainfall) expansion coefficients are shown in black (red) in the fifth column. Probability density functions calculated by Monte Carlo technique are shown in the sixth column for the squared co-variance fraction (scf) (red solid bars) and correlation coefficient (ruv) (dark grey open bars). The original squared covariance fraction and correlation coefficients are indicated as red and dark grey lines, respectively information on scientific coordination and funding is available on the
